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ABSTRACT
A mixed low-level radioactive waste (LLRW) and Resource Conservation and Recovery Act (RCRA) waste on-site disposal facility
(OSDF) was constructed as part of the remediation of the U.S. Department of Energy Feed Material Production Center in Fernald,
Ohio. The 56-acre OSDF is fully constructed, filled with waste, and closed. Post-closure monitoring is ongoing. This paper presents
the design, construction, and performance of the OSDF. Waste acceptance criteria and waste placement requirements are described.
Results from three sets of pre-design field and laboratory investigations are summarized. Currently available performance data for the
OSDF’s leachate collection system and leakage detection system are reported. Post-closure monitoring activities are briefly described.
The value of this case study is in providing a detailed framework for the conceptual and detailed design of land-based disposal
facilities for mixed LLRW and RCRA waste.

INTRODUCTION
This paper describes the design, construction, and
performance of a mixed low-level radioactive waste (LLRW)
and Resource Conservation and Recovery Act (RCRA) waste
on-site disposal facility (OSDF) at the U.S. Department of
Energy (DOE) former Feed Material Production Center in
Fernald, Ohio. The main focus of the paper relates to the
approach developed by the authors to design the OSDF to
achieve the DOE design life criterion of “1,000 years, to the
extent reasonable and in any case for 200 years.”
Conventional RCRA land disposal facilities for both
municipal and hazardous wastes typically consider a design
life in the range of 50 to 100 years. The paper also highlights
several detailed field and laboratory studies conducted in
support of the design, facility construction, and information
generated on facility performance.
This paper was prepared for the symposium honoring
Professor James K. Mitchell held at the 6th International
Conference on Case Histories in Geotechnical Engineering.
The lead author of this paper studied under Professor Mitchell
at the University of California, Berkeley from 1977 to 1981.
The engineering design of the Fernald OSDF covers many
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areas of geotechnical practice to which Professor Mitchell
made significant contributions. These include design and
performance of compacted clay liners, geosynthetic interface
strength behavior and waste mass stability, and soil-chemical
interactions. The authors dedicate this paper to Professor
Mitchell.
FACILITY BACKGROUND INFORMATION
The former DOE Feed Material Production Center sits on a
1,050-acre site approximately 18 miles northwest of
downtown Cincinnati. The facility was part of the DOE
nuclear weapons complex that, at its peak, comprised 21 major
research, production, and testing facilities in the United States.
From 1951 to 1989, the Fernald facility delivered nearly
170,000 metric tons of purified and highly machined uranium
metal products, and 35,000 metric tons of intermediate
compounds such as uranium trioxide and uranium
tetrafluoride, to other facilities within the DOE complex.
Employment at the plant peaked in 1956 at nearly 2,900
employees, and at the time of shutdown, the facility contained
more than 220 buildings. The site environmental legacy at the
time operations ceased included 31 million pounds of nuclear
metals, nearly 260,000 cubic yards of low-level radioactive
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solid waste, 1 million tons of waste pit sludges, 2.5 million
cubic yards of soils impacted by LLRW and RCRA hazardous
constituents, building debris, non-radiological solid waste, and
contaminated groundwater.
Clean-up of the Fernald site was carried out under the
remedial process detailed in Title 40 of the Code of Federal
Regulations (CFR), Section 300, which codifies the
requirements of the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA). Under this
process, the site’s environmental legacy was divided into five
Operable Units (OUs). The U.S. EPA Record of Decision
(ROD) for OU2 (DOE, 1995b) addressed decommissioning
and demolition (D&D) of buildings and excavation of soils
impacted by LLRW and RCRA hazardous constituents at
concentrations above clean-up criteria. The OU2 ROD
allowed wastes from these sources to be placed in the OSDF if
the wastes satisfied OSDF waste acceptance criteria (WAC).
DOE estimated the quantity of such materials at 2.5 million
bank cubic yards.
Conceptual design of the OSDF was developed through a
CERCLA feasibility study and ROD (DOE, 1995a, b). DOE
next performed a site pre-design investigation (DOE, 1995c)
and established functional requirements for the OSDF
(FERMCO, 1995). Design criteria were then developed
(Geosyntec, 1997a), and the detailed design was completed
(Geosyntec, 1997b). Construction of the OSDF commenced
in May 1997, first waste was placed in November 1997, and
the facility was completely filled and closed in October 2006.
Upon completion, the OSDF contained 2.96 million in-place
cubic yards of waste.
The DOE-reported actual cost for construction, filling, and
closure of the OSDF is $224 million. This cost excludes
waste pre-processing, waste transport from the OUs and offloading at the OSDF, site administration and management, and
remedial investigation/feasibility study.
It includes
engineering, design, construction management and quality
control/quality assurance (QC/QA), and construction of the
leachate collection and transmission, stormwater management,
and environmental monitoring systems. This cost equates to:
$4 million per acre for the eight-cell, 56-acre lined footprint of
the OSDF; $3 million per acre for the 74 acre footprint of the
final cover system; $76 per in-place cubic yard of waste; and
$45 per estimated ton of waste.
Figure 1 presents an aerial photo of the Fernald site in 1996,
prior to the start of OSDF construction in the field on the left
side of the photograph (east side of facility). Figure 2 shows
the OSDF in 2002 with Cells 1 and 2 closed, Cell 3 being
closed, Cells 4 and 5 being operated, and Cells 6 and 7 in
construction. Figure 3 shows the site in October 2006 with
site remediation complete, the OSDF filled, and Cell 8 in the
final stages of closure. Post-remediation land use at the
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Fernald site will include 400 acres of woodlands, 390 acres of
prairie, 140 acres of wetlands and surface waters, and 97 acres
for the OSDF and various infrastructures.

Fig. 1. Aerial photo of Fernald site, June 1996. Future
OSDF location is open field on right side photo.

3
2
1

Fig. 2. Aerial photo of OSDF in 2002 with various cells
being constructed, operated, and closed.

6
7
8

Fig. 3. Aerial photo of Fernald site in final stages of
closure, October 2006.
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Subsurface conditions at the OSDF site are illustrated in
Figure 4. Preconstruction ground elevations ranged from El.
618 feet (ft.) National Geodetic Vertical Datum (NGVD) on
the northeast corner of the site to El. 586 ft. in the southwest
corner. Brown and gray glacial till form the surficial
stratigraphic unit at the OSDF site. Brown till, covered by a
thin topsoil veneer, had typical pre-construction thicknesses of
10 to 15 ft. within the OSDF footprint. As shown on Figure 5,
a portion of this material was removed to achieve the OSDF
design base grades. The thickness of the gray till ranges from

about 45 ft. at the OSDF north end to 15 ft. at the south end.
The till is underlain by sand and gravel of the Great Miami
aquifer, an important source of drinking water for the region.
This sand and gravel unit is approximately 200 ft. thick
beneath the OSDF and is, in turn, underlain by shale and
fossiliferous limestone with essentially horizontal bedding.
Information on the geotechnical and hydrogeological
characteristics of the soil units underlying the OSDF is
presented in Table 1.

Fig. 4. Idealized subsurface profile. Vertical exaggeration = 20x.

Fig. 5. OSDF north-south cross section. Vertical exaggeration = 10x.
Paper No. xx.xx
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TABLE 1. Geotechnical characteristics of soil units
underlying OSDF.

Unit and Description

Liquid Limit/
Plasticity
Index (ranges)

Brown Till:
Predominantly silty
low-plasticity clay
(CL), with pockets of
high plasticity clay
(CH) and silt (MH),
pockets of clayey
sand (SC), contains
scattered gravel
(k=1 × 10-8 – 6 × 10-6
cm/s).
Gray Till:
Predominantly sandy
lean clay (CL) with
lenses and pockets of
sand (SW), and
clayey sand (SC),
contains scattered
gravel (k=1 × 10-8 –
3 × 10-8 cm/s).
Great Miami Aquifer:
Sand and gravel
mixtures, very stiff to
hard.

Gravel/Sand/
Silt/Clay
(%)

TABLE 2. OSDF radiological and hazardous constituent
waste acceptance criteria for soil.

21 – 50 /
7 – 32

0 – 20/
1 – 40/
30 – 60/
20 – 60

Constituents of Concern
(COCs)
Radionuclides:

Maximum
Concentrations

1

Neptunium-237

3.12 × 109 pCi/g

2

Strontium-90

5.67 × 1010 pCi/g

3

Technetium-99

29.1 pCi/g

4

Uranium-238

346 pCi/g

5

Total Uranium

1,030 mg/kg

Inorganics:
19 – 33 /
5–7

NP

0 – 31/
1 – 39/
28 – 79/
18 – 58

0 – 35/
57 – 91/
4 – 10/
0–3

Note:
Information summarized from Parsons, 1995.
Hydraulic conductivity (k) values for till soils obtained for
Shelby tube samples tested in accordance with ASTM D 5084.
Radiological fate and transport modeling performed as part of
the FS resulted in a requirement that at least 12 ft. of
undisturbed gray till be left in place below the OSDF to
function as both a hydraulic barrier and geochemical barrier to
potential downward migration of radiological waste
constituents. The gray till was not penetrated in construction
of the OSDF, thereby meeting this requirement (Figure 5).
WASTE CHARACTERISTICS
Materials disposed in the OSDF consist of about 85 percent
soil and soil-like materials (SLMs) excavated as part of the
remediation of the Fernald site and about 15 percent building
demolition debris, structural members, mass concrete,
decommissioned equipment, lime sludge, coal flyash,
municipal solid waste, asbestos waste, and small quantities of
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other materials. OSDF waste acceptance criteria (WAC) for
radiological and hazardous constituents in soil are given in
Table 2. These criteria were established during the FS through
fate and transport modeling of leaching and leakage scenarios
from the OSDF to groundwater.

6

Boron

1.04 × 103 mg/kg

7

Mercury

5.66 × 104 mg/kg

Organics:
8

Bromodichloromethane

9.03 × 10-1 mg/kg

9

Carbazole

7.27 × 104 mg/kg

10

Alpha-chlordane

11

Bis(2-chloroisopropyl)ether

2.44 × 10-2 mg/kg

12

Chloroethane

3.92 × 105 mg/kg

13

1,1-Dichloroethene

11.4 mg/kg

14

1,2-Dichloroethene

11.4 mg/kg

15

4-Nitroaniline

16

Tetrachloroethene

17

Toxaphene

18

Trichloroethene

128 mg/kg

19

Vinyl chloride

1.51 mg/kg

2.89 mg/kg

4.42 × 10-2 mg/kg
128 mg/kg
1.06 × 105 mg/kg

Note:
pCi/g = picoCuries per gram; mg/kg = milligrams
per kilogram; pCi = 0.037 disintegrations/second.
The OSDF also had a large number of physical WAC,
including for example:
• concrete structural members could not be more than 10 ft.
long nor more than 18 in. thick and 4 ft. wide;
• reinforcing bars protruding from concrete debris were cut
to within 12 in. of the concrete;
• metal structural members could not be more than 10 ft.
long nor more than 18 in. thick and 10 ft. wide;

4

•
•
•

building rubble, HVAC components, electrical
equipment, and mechanical equipment needed to be size
reduced to less than 18 in. thick;
process piping with a diameter larger than 12 in. was split
in half; and
all equipment was drained of oil and other liquids prior to
disposal.

In addition to the physical WAC given above, soil and SLMs
brought to the OSDF had to have moisture contents that
allowed the materials to be compacted to required levels using
standard soil compaction equipment and procedures. As
necessary, soil and SLMs were dried by disking and air
drying, or by blending with drier soil.

concrete foundation members. These items were placed at
least 50 ft. laterally inward from the edge of the OSDF and at
least 100 ft. away from Category 4 and 5 materials. Any voids
in the Category 3 material larger than one cubic foot, and
areas between members where Category 1 material could not
be placed and compacted, were filled with flowable sand or
quick set grout. Lifts of Category 3 material were separated
vertically by at least 4 ft. of compacted Category 1 material.
Placement of Category 3 material is shown in Figure 6.

For purposes of waste placement in the OSDF, impacted
materials meeting all WAC were segregated into one of the
following five categories:
Category 1 impacted materials were soils and SLMs that did
not contain hard agglomerations greater than 12 in. in largest
dimension. Category 1 materials could also contain a
maximum of 20 percent, by volume, of non-soil-like Category
2 and/or Category 4 material not greater than 12 in. in largest
dimension if the remainder of the material was soil and/or
SLM finer than 1 in. particle size. These impacted materials
were compactable using standard soil compaction equipment.
Category 1 material was placed in 12 to 15 in. loose lifts and
compacted to a minimum standard Proctor (ASTM D 698)
relative compaction (SPRC) of 90 percent using Caterpillar
815 or 825 soil compactors.
Category 2 impacted materials were materials that could be
transported, placed, spread, and compacted en masse. These
materials could be spread in loose lifts of 21 in. ±3 in. thick
and were compacted using a Caterpillar 826 landfill
compactor or approved similar equipment. Examples of
Category 2 materials include broken-up concrete foundations
and impacted soil mixed with broken-up concrete. This
category also included general building rubble and debris of
irregularly shaped metals and other components of the
superstructure or substructure with a maximum length of 10 ft.
and a maximum thickness of 18 in. Category 2 material was
placed at designated grid locations in areas with lateral
dimensions not exceeding 100 ft. Each compacted lift of
Category 2 material was covered with at least 4 ft. of Category
1 material.
Category 3 impacted materials were materials that had to be
individually handled and placed in the OSDF, and that were
suitable for having Category 1 material placed around and
against them. These impacted materials had maximum crosssectional dimension of no more than 4 ft. Examples of these
materials include bundles of transite panels and broken
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Fig. 6. Typical grid system for placement of impacted
material, with Category 3 material being placed in the center
of the photograph. Placards were used to identify the grids to
facilitate placement and construction documentation.
Category 4 impacted materials were high in organic content
and/or prone to decomposition. Examples of these materials are
municipal solid wastes from an on-site solid waste landfill, and
green waste from clearing, stripping, and grubbing operations
around the Fernald facility. Category 4 material was placed at
designated grid points in loose thicknesses of not more than 18
in. and lateral dimensions of not more than 100 ft. This material
was compacted with the landfill compactor or large dozer. Not
more than two lifts of Category 4 material could be placed at a
grid location. Subsequent grid locations were not allowed to be
placed in the vertical space above previously-placed Category 4
grids.
Category 5 impacted materials were materials that require
special handling due to their specific nature. Examples of these
materials include double-bagged asbestos, piping with asbestos
containing material, and sludges. Each of these materials had
customized placement procedures.
A 3-ft. thick “select layer” of compacted Category 1 soil was
placed on top of the liner system to protect the liner during
placement of other categories of waste. Similarly, a 3-ft. thick
soil “select layer” was placed above the OSDF waste mass just
prior to cover system installation for the purpose of protecting
the cover system. These select layers are shown in Figures 8
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and 11. The select layer above the liner system was
compacted lightly so as to not damage the liner system (i.e., to
about 85 percent SPRC). Select impacted material below the
cover system was compacted to 90 percent SPRC.
The overall philosophy for waste placement within the
envelope of the select layers was to create a relatively
homogenous mass at a large scale by the controlled placement
of heterogeneous materials at a smaller scale. This was
achieved by using impacted soil and SLMs to form the overall
matrix of the waste mass and distributing heterogeneous
materials such as structural members, dismantled machinery,
and double-bagged asbestos at discrete grid locations both
laterally and vertically throughout the soil/SLM matrix.
As part of the design, short-term and long-term OSDF
settlements were estimated. To obtain these estimates, the
waste mass was modeled as a homogenous soil-like material
and classical methods were used for analyzing immediate,
primary, and secondary settlements. Calculated maximum
settlement of the OSDF foundation is 2.8 ft. and the time to
complete 95 percent of primary consolidation is estimated to
be in the range of 10 to 40 years. The impacted materials
within the OSDF were estimated to undergo up to 3.8 ft. of
compression under self weight, with most of this settlement
occurring during filling. Settlement of the cover system
results from post-filling compression of the impacted materials
and settlement of the foundation. Maximum cover system
settlements are estimated to be about 3.5 ft. Calculated
differential settlements for both the liner system and cover
system resulted in acceptable post-settlement grades and
geosynthetic tensions, with adequate factors of safety.
OSDF DESIGN
Functional Requirements
Table 3 presents select OSDF functional requirements (i.e.,
essentially performance and design criteria) developed by
DOE that derive from a number of federal and state
regulations and from siting criteria. The design approach used
for the OSDF was developed to achieve these functional
requirements.
Conceptual Design Approach
The function of the OSDF is to isolate impacted material from
the environment “for up to 1,000 years to the extent
reasonably achievable, and, in any case, for 200 years.” This
performance criterion was adopted by DOE from 40 CFR
§192.02(a) which provides minimum federal disposal criteria
for uranium and thorium mill tailings. The design was also
developed using the radiation protection goal of DOE Order
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5400.5, which requires application of “As Low As Reasonably
Achievable (ALARA)” principles to activities involving the
excavation, transportation, and disposal of LLRW. These
criteria were achieved in design by addressing five potential
mechanisms for OSDF performance failure:
internal hydrologic control – provide leachate containment
and collection within the OSDF to prevent OSDF leachate
from entering the environment;
external hydrologic control – provide resistance to external
hydrologic impacts, including infiltration through the cover
system and damage by surface-water runon and runoff;
TABLE 3. Select functional requirements for Fernald
OSDF.
Functional Requirements
Location
• within 200 ft. laterally of stream, lake, or wetland
• within 15 ft. vertically of the uppermost aquifer
• within a regulatory floodplain
• within an area of potential subsidence
• within 200 ft. laterally of a Holocene fault
Layout
• locate on east side of site, between main facility
and power transmission lines
• achieve capacity of 2.5 million bank cubic yards
(ultimately 2.95 million in place cubic yards)
• maximum height should be less than 70 ft. above
original ground (visual impact)
• final cover system must be constructed at slopes
between 5 and 25 percent
• liner system must overlie at least 12 ft. thickness
of gray till
• LCS drainage slope must be at least 2 percent
Engineering
• design life of 1,000 years to the extent reasonably
achievable, and, in any case, at least 200 years
• long-term static slope factors of safety (FS) must
exceed 1.5
• pseudo-static FS for 2,300-year recurrence interval
earthquake must exceed 1.0
• double-liner system with secondary composite
liner must be installed beneath waste
• secondary liner must include 3-ft. thick CCL with
maximum hydraulic conductivity of 1 × 10-7 cm/s
overlain by HDPE geomembrane at least 60 mil
thick
• final cover system must have a composite cap
consisting of a 24-in. thick CCL with maximum
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Engineering
hydraulic conductivity of 1 × 10-7 cm/s overlain by
HDPE geomembrane at least 60 mil thick
• cover system must include a biointrusion barrier at
least 3 ft. thick
• final cover system topsoil must have a predicted
erosion rate of less than 5 tons/acre/year and must
resist gully initiation under the anticipated runoff
tractive stresses
• final stormwater management system must
accommodate 2,000-year, 24-hour storm flow

geotechnical stability – provide adequate OSDF slope and
foundation stability during construction, filling, closure, and
post-closure, including conditions associated with potential
long recurrence-interval earthquake events;
erosional stability – provide resistance to erosion of OSDF
soil layers to achieve minimal erosional impacts throughout
the performance period; and
biointrusion resistance – provide resistance to OSDF intrusion
by plant roots and burrowing animals.
Appendix A summarizes the way in which specific design
elements were used to address the potential for OSDF
performance failure.
The OSDF design approach incorporated the following
additional measures to satisfy the performance period:
Natural (i.e., geological) materials were used in preference to
manufactured (i.e., geosynthetic) materials for certain
functions (e.g., internal drainage layers).
Relatively thick compacted-clay liners (CCLs) were
incorporated into the design of both the liner and cover
systems in preference to liner systems constructed completely
of geosynthetics, or with thinner CCLs.
High density polyethylene (HDPE) geomembranes were
specified in preference to other types of geomembranes based,
in part, on their durability characteristics. Studies available in
1995 indicated that the HDPE service life would be on the
order of hundreds of years (Koerner et al., 1992; Bonaparte,
1995). More recent studies (e.g., Bonaparte et al., 2002;
Rowe, 2005) indicate that at an ambient ground temperature of
about 55°F (12°C), the design life for buried HDPE
geomembranes may be on the order of 1,000 years.
Regulations required the HDPE geomembrane to be at least 60
mil thick.
However, the design specified that the
geomembrane be at least 80 mil thick as another measure to
increase the service life of this material. The rationale for the
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thicker material is that the primary degradation processes for
HDPE geomembrane involve polymer chain oxidation that
starts at the surface and works inward. In the event of surface
oxidation, a thicker material will retain its properties longer
than a thinner material, all other factors being the same. The
specifications also required the HDPE formulation to contain
2 to 3 percent antioxidant-containing carbon black (ASTM D
1603) and to have a minimum environmental stress crack
resistance (ESCR) of 500 hours when tested in accordance
with the notched constant tensile load (NCTL) method of
ASTM D 5397. In 1995, HDPE geomembrane specifications
typically required ESCR of 100 to 200 hours; the more
stringent specification for the OSDF provides a material with
better aging potential and less potential for long-term brittle
rupture under stress.
All hydraulic barriers in the liner and cover systems (primary
liner, secondary liner, and cover barrier layer) were designed
as soil-geosynthetic composite barriers in preference to single
component barrier layers.
Composite barriers provide
superior hydraulic containment compared to single-component
barriers (Giroud and Bonaparte 1987a, b). The individual
components of composite barriers also help to protect the
other component. For example, CCLs provide excellent
bedding layers for geomembranes and geomembranes help to
prevent desiccation cracking of CCLs after installation.
For design, the OSDF performance period was divided into
three operating timeframes.
Initial Period. The initial period extends from construction
until the end of the 30-year post-closure monitoring period
described in the OSDF ROD [DOE, 1995b]. During this
period, leachate generation rates decrease from a conservative
design value during cell filling of 700 gallons/acre/day (gpad))
to a predicted value of only 0.002 gpad at the end of the postclosure period (Geosyntec, 1997b). These values are based on
a mean annual precipitation of 40 in. Throughout this initial
period, all components of the OSDF are maintained and
functional under the requirements of the OSDF Post-Closure
Care and Inspection Plan (DOE, 2006).
Intermediate Period. The intermediate period begins 30 years
after final closure of the OSDF and lasts for at least 200 years,
and up to 1,000 years to the extent reasonably achievable.
During this period, the geomembrane components of the liner
and final cover systems remain functional. The leachate
collection system (LCS) and leakage detection system (LDS)
are maintained as necessary, as is the cover system. The cover
system is planted with a variety of native prairie grasses that
require periodic mowing and baling to simulate periodic grass
fires. This periodic mowing will also prevent the growth of
trees on the cover system during this period.
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Final Period. The final period does not occur for at least 200
years, and possibly up to 1,000 years, after final closure of the
OSDF. During this period, natural earth components of the
liner and final cover systems continue to be functional. It is
assumed that, at some point in time, the HDPE geomembrane
and other geosynthetic components of the liner and cover
systems begin to degrade and progressively lose functionality.

Reconstruction/Rehabilitation. The cover system and LCS
and LDS drain pipes will be reconstructed/rehabilitated using
the most appropriate technologies available at that time, or
other improvements will be made to the facility based on
technologies that have emerged since OSDF construction.

Responsibility for maintenance and stewardship for the OSDF
rests in perpetuity with the U.S. government. The OSDF
design allows government decision makers at the time of the
final period to select an appropriate continuing management
strategy for the facility. Potential strategies include:

Figures 5 and 7 show, respectively, north-south and east-west
cross sections of the OSDF as designed to meet the functional
requirements and conceptual design described above. The
design includes eight cells constructed sequentially from north
(Cell 1) to south (Cell 8) over the active life of the facility.
The photograph in Figure 2 illustrates this sequential cell
development. The OSDF was designed as an essentially
above-ground facility. The bottom of each cell is graded in a
herringbone pattern at a 2 percent slope to drain leachate by
gravity to the west side of the cell. This grading configuration
was designed to follow the pre-construction natural grades in
the project area, thereby limiting foundation excavation
requirements. Maximum excavation depth for the OSDF was
15 ft. at the northeast corner of Cell 1, but the average
excavation depth is only a few feet. This configuration allows
the LCS and LDS drainage pipes to exit the cell at or near the
original ground surface elevation. While the base grading
plan for each cell is similar, the elevations of the grades
decrease from Cell 1 to Cell 8, again to follow preconstruction natural grades in the project area, thereby limiting
cut and fill volumes.

Ending Maintenance.
Any small amount of leachate
generated by the OSDF (due to infiltration through the
degraded OSDF cover system) will be allowed to migrate
through the degraded liner system into the brown and gray till
that underlies the OSDF. In this case, the LCS and LDS drain
pipes from each cell will be sealed by grouting or other
appropriate measures. Based on the studies performed for the
OU2 FS [DOE, 1995a], this final period management
approach will be protective of groundwater quality in the
underlying Great Miami aquifer.
Continuing Maintenance. The cover system and LCS and
LDS drain pipes will be maintained. While no leachate is
expected under this scenario, any LCS or LDS drainage will
be collected and transported off-site for treatment, or
discharged to a natural treatment system, such as a wetland
area established at or near the site, the selected treatment
approach will depend on the quality and quantity of the
draining liquids.

Detailed Design Development

Fig. 7. OSDF east-west cross section.
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Figure 8 shows the liner system configuration for the OSDF.
The double-composite liner system is constructed of a
combination of hydraulic barrier layers, drainage layers, and
filter and cushion geotextiles. Gravel was specified for the
LCS and LDS drainage layers in preference to geosynthetics
due to durability considerations. The gravel had a maximum
particle size of 0.75 in. and less than 2 percent fines (Fig. 9).
Durability considerations also drove selection of the HDPE
geomembranes.
The durability characteristics of the
geosynthetic clay liner (GCL) hydraulic barrier are less well
defined than either the HDPE geomembrane or compacted
clay. However, the GCL is intended to function principally
during the active life when most leachate is produced, so, it
was not critical to define a long-term design life for this
component.

forcemain located in valve houses outside each cell (Fig. 7).
Gravity drainage was judged to be a more reliable long-term
liquids removal strategy than one using submersible pumps
and sideslope riser pipes. This LCS/LDS drainage strategy
did necessitate penetration of the LCS and LDS pipes through
the liner system at the location of the downgradient perimeter
berm. As part of the design, special measures were developed
for sealing the liner system to the penetrating pipes. This
detail is described subsequently. Each LCS/LDS valve house
was designed to contain cleanout connections on the LCS and
LDS removal lines.
Redundant features were incorporated in the liner system
design, including a second, back-up LCS liquid removal pipe
(Fig. 10), rather than the one pipe that is customarily used in
landfill applications.
One unique aspect of the OSDF design is management of
precipitation that falls on an active cell. Standard practice for
MSW landfills is to cover the waste with daily or intermediate
cover (soil or tarps) and direct the collected precipitation away
from the landfill as clean storm water. For the OSDF, all
precipitation that fell on an active cell, until at least two layers
of the final compacted clay cap were place, had to be collected
and treated. To achieve this, a stormwater catchment area was
placed in the southwest corner of each cell. Collection began
immediately after the placement of the protective soil layer
because impacted soil could be used for this layer. The
catchment area was located directly over the leachate
collection layer at the low end of each cell. The collected
impacted storm water drained out the bottom of the catchment
area into the LCS and was managed as leachate. The
catchment area was sized to contain run-off from a 25-year,
24-hour storm event.

Fig. 8. OSDF double-composite liner system: A = primary
liner system; B = secondary liner system; C = leachate
removal pipe (perforated in cell and solid, double-walled
outside of cell) for gravity drainage of leachate to valve
house; and D = leakage detection system monitoring and
liquid removal pipe (similar pipe design to leachate removal
pipe).
Each of the eight OSDF cells was designed with intercell
berms so that the LCS and LDS for a cell captured only the
liquids produced in that cell. Accordingly, each LCS and LDS
has its own liquids removal pipe (Figs. 8 and 10). LCS and
LDS liquid removal pipes consist of thick-walled HDPE (6.6in. outside diameter pipes having a standard dimension ratio
(SDR) of 11, meaning the pipe wall thickness is 0.6 in.). In
consideration of the OSDF design life, all LCS/LDS pipes
gravity drain from the cells to a double-walled collection
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Fig. 9. Placement of the gravel drainages layers included the
use of dump trucks operating on a 3-ft thick access road
constructed from gravel and low-ground pressure dozers to
spread the gravel.
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Fig. 10. Liner and leachate collection system details at downgradient cell outlet.
Figure 11 shows the configuration of the final cover system.
Final cover slopes are 6 horizontal:1 vertical (6H:1V) on the
sides of the OSDF and 6 percent on the top deck.
Construction of the CCL in the final cover system is shown in
Figure 12. The side slope inclination is flatter than for many
landfills and was chosen based on the results of slope stability
and erosion gullying analyses to achieve the functional
requirements described previously. To maintain the long-term
functionality of the final cover system, the biointrusion layer
is designed to arrest plant root and/or burrowing animal
intrusion. Placement of the biointrusion layer is shown in
Figure 13.
Appendix B lists the design calculation packages prepared by
the authors. This list is more extensive than for most landfills
due to the design requirements imposed by the long
performance period for the OSDF. Two examples of analyses
conducted for the OSDF but not typically performed as part of
the landfill design process are: (i) evaluation of erosional
stability of grass-lined drainage ditches for the 2,000 year
storm event using the method of Temple et al. (1987); and (ii)
calculation of the average atmospheric release rate of Radon
222 and evaluation against a regulatory standard (40 CFR
§192.02(6)) of 20 picocuries per square meter per second
(20pCi/m2/s) using the computer program “Radiation
Attenuation Effectiveness and Cover Optimization with
Moisture Effects (RAECOM)” (NRC, 1984a,b). Appendix B
is included in this paper to help guide engineers in establishing
the scope of future design efforts for long-performance-period
land disposal facilities.
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Fig. 11. OSDF final cover system.
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from the upper horizon brown till evaluation are summarized
below.

Fig. 12. Construction of the final cover system CCL. The soil
in the foreground is placed material that has not yet been
compacted. The surface has been sealed to promote storm
run-off and prevent drying. The small tracked loader holds
oversized rock (>2 in.) collected by the workers.

The evaluation of upper horizon brown till involved preconstruction, construction, and post-construction phase
hydraulic conductivity laboratory testing of the till using
flexible wall permeameters (ASTM D 5048).
Postconstruction field-scale permeability testing was also
conducted using sealed double-ring infiltrometers (SDRIs)
(ASTM D 5903). Pre-construction laboratory tests were used
to design the field test pad program. The SDRI tests were
used to assess field construction methods and to establish the
acceptable permeability zone (APZ) for OSDF CCL
construction.
The construction and post-construction
laboratory tests were performed to evaluate the quality of thinwalled tube samples for possible use in QC/QA during OSDF
CCL construction. For this project, the APZ was defined as
those combinations of compacted moisture content and dry
unit weight producing a CCL with a hydraulic conductivity
not greater than 1 × 10-7 cm/s. The test pad (Fig. 14) had six
compacted lifts, a nominal compacted thickness of 3 ft., and
three lanes, with each lane about 14.3 ft. wide (equal to the
full pass width of a Caterpillar 815B padfoot compactor) and
50 ft. long (excluding end ramps).

Fig. 13. Placement of the 3-ft. thick biointrusion layer over
the cover drainage layer.
FIELD AND LABORATORY DESIGN STUDIES
Hydraulic Conductivity of CCLs
The source of clay for the OSDF CCLs was brown till
obtained from the OSDF excavation and from an adjacent
borrow area located south of the OSDF. The thickness of
brown till in these areas generally ranged from 10 to 15 ft.,
with the material exhibiting distinct visual and geotechnical
differences between upper and lower horizons. Material from
both horizons classify as lean clays (CL) according to ASTM
D 2487. However, the lower-horizon brown till is less plastic
and has fewer fines compared to the upper horizon material.
As part of the detailed design, the suitability of both brown till
horizons was carefully evaluated using field test pads. Results
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Fig. 14. Plan view of test pad for upper horizon brown till
(design of test pad for lower horizon brown till was identical).
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For the test pad, the target compaction moisture content was
the same for all three lanes at 2 percentage points +/- 1
percentage point wet of the standard Proctor optimum
moisture content. The compaction effort varied for each lane
in an attempt to achieve 95, 97, and 99 percent SPRC. The
number of compactor passes for the three lanes was 4, 7, and
10 respectively, with each pass being one back-and-forth full
coverage. Soil processing on the test pad prior to compaction
consisted of oversize (larger than 2 in.) rock removal, moisture
conditioning, and mixing/blending of the soil using a HAMM
RACO 250 transverser rotary mixer. Thin wall tube samples
of the test pad were obtained at the end of test pad
construction and samples from the tubes were extruded in the
laboratory and evaluated for hydraulic conductivity in flexible
wall permeameters. The field testing program included
moisture content, dry unit weight, and field hydraulic
conductivity as measured using SDRIs. Two SDRI tests were
performed. For each, a test was performed on the lane with 4
compaction passes and a test was performed on a lane with 7
compaction passes. Figure 15 shows an idealization of the
SDRI set-up and Figure 16 shows one of the SDRI tests in
progress. The duration of the SDRI tests was 26 days. At the
conclusion of each test, four thin-walled tube samples were
obtained from within each of the SDRI inner ring areas. Two
of the tubes were used to obtain samples for post-construction
laboratory hydraulic conductivity testing in flexible wall
permeameters, and two were used for interval moisture
content testing to evaluate the advancement of the wetting
front.

percentage points wet of the standard Proctor optimum
moisture content to the right, and the 95 percent SPRC at the
bottom.

Fig. 16. Sealed double-ring infiltrometer test in progress.

Fig. 15. Sealed double-ring infiltrometer test set-up.
As can be seen in Table 4, stabilized SDRI hydraulic
conductivities averaged 1.5 × 10-8 cm/s. The estimated depth
of the wetting front in the SDRI tests ranged from 5 to 7 in.,
based on the post-construction moisture content testing. This
compares well with tensiometers installed at depths of 6, 12,
and 18 in. The 6-in. deep tensiometers showed little residual
soil suction at the end of the tests, whereas the 12-in. and 18in. deep tensiometers maintained suction.
The final
construction APZ for the upper horizon brown till is shown in
Figure 17. This APZ is defined by the 90 percent degree of
saturation line to the left, a moisture content equal to 3
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Fig. 17. Acceptable permeability zone for upper horizon
brown till.
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TABLE 4. Summary of laboratory and field hydraulic
conductivity test results for upper horizon brown till.

Moisture
Content
(percent)

16.7
17.0
18.4
18.6
20.7
18.5
17.3
12.4
17.2
19.2
19.4
19.3
19.0
20.5
20.1
19.6
20.6
19.1
19.6
20.9

Hydraulic
Conductivity
(confining
stress=2 psi)
(cm/s)(3)
(2)
Pre-Construction - Laboratory Results
106.3
76.1
5.2 × 10-5
110.9
87.2
6.4 × 10-7
108.3
88.2
8.4 × 10-8
110.2
93.7
4.8 × 10-8
106.3
94.4
1.1 × 10-8
107.1
86.1
1.2 × 10-6
108.3
83.0
6.7 × 10-6
119.3
79.8
1.4 × 10-7
112.8
92.7
2.1 × 10-8
106.4
82.7
5.5 × 10-8
SDRI Results
106.8
89.6
1.5 × 10-8
107.2
90.0
1.4 × 10-8
Construction Phase - Laboratory Results
111.5
99.6
9.8 × 10-9
107.3
95.8
1.5 × 10-8
110.2
101.2
5.3 × 10-8
108.3
94.0
1.7 × 10-8
Post-Construction - Laboratory Results
106.9
95.3
5.1 × 10-8
109.5
94.5
1.3 × 10-8
109.1
95.9
2.3 × 10-8
105.8
94.1
9.4 × 10-9

Dry
Density
(pcf)

Degree of
Saturation
(percent)

Figure
ID No.
(1)

1
2
3
4
5
6
7
8
9
10

The leachate composition for the testing program was based
on the results of modeling performed during the FS and the
chemical composition of perched shallow groundwater
beneath the plant site. The test leachate had neutral pH, high
specific conductance, low levels of volatile organic
compounds (VOCs), and the radionuclide concentrations
shown in Table 5.
TABLE 5. Comparison of OSDF test leachate to Fernald
perched groundwater wells and OSDF modeling results.
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12
Radionuclide
25
26
29
30
27
28
31
32

Notes:
1. Figure ID No. refers to Figure 17.
2. Upper horizon brown till composite sample: LL=43,
PL=20, PI=23; 74% passing #200 sieve; specific
gravity=2.72.
3. Pre-construction laboratory results obtained with flexible
wall falling-head permeameter tests (ASTM D 5084)
using laboratory compacted samples. Construction and
post-construction laboratory results obtained using same
tests and thin-wall tube samples obtained from field test
pad.
Compatibility of Liner System with Leachate
As part of the detailed design, a durability evaluation was
undertaken of all of the geosynthetic and soil components of
the liner system, and it was concluded that additional data
were needed on the potential for OSDF leachate to affect the
properties of HDPE geomembranes.
A leachategeomembrane compatibility testing program was developed to
fill this data gap. Five different 80-mil thick HDPE
geomembranes from the four major U.S. manufacturers in
1995 were evaluated using U.S. EPA Method 9090,
“Compatibility Test for Waste and Membrane Liners.” This
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method involves submersion of geomembrane samples in test
leachate at 23°C (73°F) and 50°C (122°F) for 120 days.
Specimens of the various samples are retrieved at 30, 60, 90,
and 120 days and evaluated against controls for changes in
physical, mechanical, and chemical properties. A detailed
presentation of the leachate-geomembrane compatibility
testing program is contained in Geosyntec (1997c). A brief
summary is presented below.

Technetium99
Uranium-234
Uranium235/236
Uranium-238
Uranium,
total
Neptunium237
Strontium-90

Clarifier Pit
Perched
Groundwater
Concentrations

Modeled
Concentrations

OSDF Test
Leachate
Concentrations

15.8–6130

56.6

64262

0.001–25000

–

220000

0.2–2490

–

29000

0.3–39000

2240

240000

0.4–436000

6670

582000

0.626(3)

18.6

0.14

1.01–7.68

37.9

0.33

Notes:
1. Analyses were performed on unfiltered samples.
2. All results are in picoCuries per liter (pCi/L) except total
uranium which is in micrograms per liter (µg/L).
3. Neptunium-237 was detected in only one sample.
Radionuclides in the test leachate included alpha, beta, and
gamma emitters at significant concentrations. Total uranium
(alpha, gamma) concentrations in the test leachate exceeded
500 mg/L. In Table 5, it can be seen that the concentration of
total uranium in the test leachate exceeds the range of
concentrations in the modeled leachate by almost two orders
of magnitude.
Concentrations of neptunium-237 and
strontium-90 in the test leachate are about two orders of
magnitude less than in the modeled leachate. However, based
on the decay frequencies and energies of the various
radionuclides, the test leachate has a radiological activity for
alpha, beta, and gamma emitters about two orders of
magnitude higher than that of the modeled leachate.
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Test data interpretation methodology is described in
Geosyntec (1997c) and included statistical comparisons of
means and standard deviations, temporal and temperature
trends, and consistency of trends between related properties.
Typical results for stress at yield and for burst strength are
shown in Figures 18 and 19, respectively. The test results
showed negligible to only very minor changes in properties of
the exposed samples compared to the control samples for
mass, thickness, dimensions, specific gravity, extractables
content, stress and strain at yield, hardness, and puncture
resistance. The burst and stress/strain at break results showed
the most degradation in the exposed mean versus the control
mean. These latter observed changes were not, however,
consistent between geomembranes, and based on the lack of
observed change in the other properties, coupled with the
results of surface analysis of the exposed geomembranes by
Fourier-transform infrared (FTIR) spectroscopy, were judged
not to be significant with respect to geomembrane
performance. The FTIR results did not reveal any indication
of surface oxidation of the geomembranes due to exposure to
the test leachate. All five of the HDPE geomembranes tested
were qualified for use based on radiological compatibility. It
is interesting to note, however, that only four of the five
geomembranes qualified based on the ESCR criterion of 500
hours (ASTM D 5397).

Fig. 18. Effect of leachate exposure on HDPE geomembrane
stress at yield.
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Fig. 19. Effect of leachate exposure on HDPE geomembrane
burst strength.
Soil-Geosynthetic Interface Shear Testing Program
An extensive soil-geosynthetic interface testing program was
conducted to support slope stability analyses performed as part
of the detailed design. Twenty-seven direct shear tests were
performed in a 12 in. × 12 in. shear box in accordance with
ASTM D 5321. The program also included testing for
moisture content, compaction characteristics, particle size
distribution, soil plasticity, and soil classification. Tested
materials included HDPE geomembranes, brown till to be
used to construct the CCLs, and several different internallyreinforced GCLs. Interface shear test samples were first
soaked for one week under a seating stress of 43 pounds per
square foot (psf), then consolidated for 48 hours at normal
stresses of 720, 2,900, and 6,500 psf, and then sheared under
the consolidation stress at rates of 0.04 in./minute and 0.004
in./minute. The lowest normal stress (720 psf) used in the test
program represents the approximate normal stress acting on
the geomembrane in the final cover system. The higher two
normal stresses used in the program (2,900 and 6,500 psf)
represent those acting on the liner system. The faster shearing
rate represents the default ASTM rate. The slower shearing
rate was selected based on previous testing that had shown
close agreement between test results at this rate and even
slower rate tests designed to achieve fully-drained porewater
conditions. Interestingly, on the basis of seven side by side
sets of tests conducted on this project, peak textured
geomembrane-GCL interface shear strengths were 2 percent
higher at the slower shear rate of 0.004 in./minute compared to
the results at 0.04 in./minute. The slower rate largedisplacement interface shear strengths were on average 6
percent higher than at the ASTM default rate. Several
individual test differences were larger than these averages.
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Fresh GCL, geomembrane, and soil specimens were used for
each consolidation stress and shear rate (i.e., no multi-stage
testing). Peak and large-displacement (2 in.) shear resistance
versus displacement parameters were calculated for each test.
Results from the interface tests were used to establish the
conditions (e.g., CCL moisture content and dry unit weight)
under which constructed interfaces would produce shear
strengths meeting or exceeding the interface shear strengths
used to establish the design. This process was conducted for
liner system and cover system interfaces under short-term,
interim, and long-term conditions considering both static and
seismic loading. Figure 20 presents test results for the
textured geomembrane to GCL (woven geotextile) interface
for peak conditions and long-term static loading. The design
failure envelope shown in this figure was developed prior to
the interface testing program by using conservative literature
values for interface strength. Using this envelope, a minimum
long-term static slope stability factor of safety (FS) of 1.9 was
calculated.
This FS exceeds the project functional
requirement of a minimum peak FS of 1.5. As can been seen
in the figure, the measured interface strengths exceed the
design failure envelope indicating a true long-term static FS
for this interface larger than 1.9.

Fig. 20. Design and measured peak GCL/geomembrane
interface shear strengths, OSDF final configuration. Notes:
Geomembrane I = 80 mil HDPE with spray-applied texture;
Geomembrane II = 80 mil HDPE with blown-film texture;
and GCL woven geotextile against geomembrane in all tests.
Figure 21 shows the design envelope for internal shearing of
GCLs under large-displacement conditions. This design
envelope was also developed using conservative literature
values. This large-displacement envelope corresponds to a
slope FS of 1.5 which exceeds the functional requirement of a
minimum large-displacement FS of 1.25. Also shown on
Figure 21 are the measured large-displacement internal shear
strengths for the three GCLs tested. These are the lowest
shear strengths obtained for all of the materials and interfaces
evaluated for the OSDF design. These large-displacement
internal shear strengths meet or exceed the design failure
envelope.
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Fig. 21. Design and measured large-displacement GCL
internal shear strengths, OSDF final configuration.
CONSTRUCTION
As already noted, the Fernald OSDF was constructed
sequentially as eight contiguous cells. Construction of the
first cell (Cell 1) began in May 1997 and closure of the last
cell (Cell 8) was completed in October 2006. The sequence of
activity for each cell essentially involved excavation of topsoil
and brown till to the design base grades; construction of
earthen perimeter and inter-cell berms; installation of the liner
system, LCS/LDS piping, and liner penetration boxes;
placement of protective layer soil over the liner system,
construction of a truck haul road into the cell, installation of
interim stormwater management controls; placement of the 3ft. thick select layer (Category 1, soil and SLM); placement of
Category 1 through 5 wastes in accordance with the Impacted
Materials Placement Plan to designated final grades;
placement of another 3-ft. thick select layer and soil
contouring layer on top of the Category 1 through 5 waste;
installation of the final cover system; and, topsoil seeding.
Contract documents for this work included the construction
plans and specifications and a variety of support plans,
including: Construction Quality Assurance Plan, Impacted
Material Placement Plan, Borrow Area Management and
Restoration Plan, Surface Water Management and Erosion
Control Plan, Cultural Resource Unexpected Discovery Plan,
Systems Plan (including leachate management, utilities, site
security, haul roads, decontamination facilities, and
emergency spill response), Groundwater Monitoring Plan, Air
Monitoring Plan, and Post-Closure Care and Inspection Plan.
The OSDF was designed to be constructed from conventional
materials used in liner and final cover systems for waste
containment facilities. These materials have established
installation procedures, which provided a level of confidence
in the ability to construct the OSDF to meet the functional
requirements identified in Table 3. Even so, efforts were
made throughout the project to improve the construction
process. Several of the lessons learned and improvements
made during construction are outlined below.
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A critical aspect of the project was to always provide
constructed disposal capacity in time to prevent delays in
overall site remediation. During the nine year active life of
the OSDF, cell construction and cell closure occurred
concurrently with impacted material placement. The preferred
construction period in Ohio starts in late April to early May
and continues until mid November. A full season was
required to construct the multiple layers of a cell’s liner or
final cover system. Key to maintaining the construction
schedule was the advanced procurement and processing of
materials, including the necessary quality assurance (QA) and
quality control (QC) testing.
The procedure used for
procurement of geosynthetics and processing site soils is
described below. Early testing was also used for the granular
material used for the various drainage layers and the
biointrusion layer. These procedures were developed based
lessons learned during the first year of construction.
Geosynthetics (i.e., geomembrane, GCL, and geotextile) were
procured during the winter months preceding the start of the
construction season. This was done to avoid delays that could
result from rejection of any nonconforming materials already
delivered to the site. To further reduce the possibility of
delay, QC/QA personnel made plant visits to the geosynthetics
manufacturers and obtained QC/QA samples as the materials
were manufactured. All testing was conducted, and the results
reviewed by QC/QA personnel, prior to releasing material
from the plant to the OSDF site. Several times during the
course of construction, the early testing of geosynthetics
identified non-conforming materials.
At the start of construction for Cell 1, brown till was
excavated, and tested for compliance with specifications. As
had been learned in the test pad program, the brown till
contained significant amounts of oversized material (> 2 in.).
The contractor’s initial plan was to remove oversize particles
by hand. Hand picking was found to be very time consuming
and slowed productivity. This experience led to the decision
to pre-screen the material in the borrow area. Ultimately, soil
processing for a phase of construction was conducted well in
advance of the start of that phase. The processed soil was
stockpiled in 5,000 to 10,000 cubic yard lots, and the required
QA and QC testing was conducted during processing to
demonstrate conformance with the specifications.
This
allowed all conformance testing to be completed prior to the
start of construction. Once test results demonstrated a
stockpile met the requirements for the CCL, it was labeled as
suitable for such. Soils not meeting the specification were
reserved for other on-site uses. Pre-processing and early
QC/QA testing of materials was a key factor in achieving
construction schedule milestones.
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As noted previously, a critical component of the design
involved the creation of a watertight seal for the LCS and LDS
pipe penetrations through the liner system. Recognizing the
importance of the penetration, a special penetration box,
prefabricated from HDPE flat stock, was developed. A detail
of the penetration box is shown in Figure 22 and an actual box
prior to installation is shown in Figure 23.

Fig. 22. Detail of the penetration box used at LCS and LDS
pipe penetrations.

Fig. 23. Penetration box delivered from the fabricator, prior
to installation. The penetration box was fabricated with a
chamber to allow pressure testing of the welds. Welds were
tested at the fabricator and following installation using the
pressure gauge shown. Following pressure testing, the gauge
was removed, and the chamber filled with bentonite pellets.
Installation of the penetration box presented several challenges
due to the detailed sequencing required for pipe installation
outside the cell, earthwork, and CCL construction,
geosynthetics installation, and pipe installation inside the cell.
Also, placement of the box required detailed handwork to
align the top of the box with the finished grade of the CCL.
Two improvements were made on the installation process
based on lessons learned during Cell 1 construction. The first
lesson is that the boxes are heavy and difficult to move by
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hand. As a result, lifting rings that could be removed after
installation were added to the boxes during fabrication. The
lifting rings allowed a hoist or crane to be used to unload and
position the penetration boxes. The second lesson was that it
is difficult to cut an opening in the geomembrane panel and
align it with the edge of the box. Thus, the geomembrane
installer was allowed the option of welding a geomembrane
skirt to the edge of the box and then trimming the skirt to fit
the opening in the geomembrane panel. Overall, the boxes
were found to be an effective means to seal the liner system at
the locations of pipe penetrations (Fig. 24). Additional
information on the penetration boxes can be found in Vander
Linde and Beech (2000).

PERFORMANCE TO DATE
Filling of Cell 1 of the OSDF began in November 1997, with
placement of the protective layer, so this cell has been
functioning for a decade. Cells 2 through 8 have been
functioning for successively shorter periods of time, with Cell
8 being the shortest at 2 years. OSDF operational data include
monthly LCS and LDS liquid removal rates, LCS and LDS
liquid chemical constituent concentrations, and results from
inspections of the final cover system. Overall, performance of
the OSDF to date is within expectations and the project is
considered by DOE to be a critical success. Operating data for
the LCS and LDS available at the time of paper preparation
are briefly presented below.
Available operational data include cumulative combined
liquid flows from the LCS of Cells 1 through 8, and liquid
flow rates from the LDS of each of the eight cells for the
period January 2000 through March 2007. In January 2000,
the waste in Cell 1 was at final grade but the cell not yet
closed, Cells 2 and 3 were receiving waste, and Cells 4
through 8 had not yet become operational. LDS flow data for
Cell 4 are relatively complete with data spanning start-up,
waste placement, closure, and post-closure. LDS flow data for
this cell are reviewed subsequently.

Fig. 24. Liner penetration boxes installed in the secondary
liner. HDPE geomembranes are welded directly to HDPE flat
stock used to construct boxes.
A final aspect of construction worth noting is that for Cells 4
through 8, electrical leak location surveys (ELLS) were
performed on the composite primary liner as part of the
QC/QA program for Cells 3 through 8 and for the composite
cap component of the final cover system for all cells. In Cell
3, the ELLS was conducted only in the drainage corridor,
while in Cells 4 through 8, it was conducted over the entire
primary liner surface. The ELLS was conducted on the
exposed primary geomembrane surface prior to placement of
the geotextile cushion and the LCS drainage layer. The test
procedure involved wetting the exposed geomembrane and
then applying a direct current (DC) voltage to conductive
media above (water) and below (GCL) the geomembrane.
The electrical potential field in the conductive medium above
the geomembrane was then monitored. The presence of a
geomembrane defect completed an electrical circuit and
created an anomaly in the potential field. Geomembrane
defects found using the ELLS were repaired under the QC/QA
program.
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The primary sources of water contributing to leachate
generation were precipitation and water used to suppress dust
generation during cell operations. The volume of dust
suppression water used was significant.
Estimated
precipitation onto active cells in 2006 is reported to be 10.6
million gallons. By comparison, 25.9 million gallons of dust
suppression water were sprayed onto the OSDF in that same
year.
The cumulative liquid flow volumes from the LCS and LDS
of Cells 1 through 8 are plotted in Figure 25. The cumulative
volume from the LCS increased relatively linearly with time
until mid 2006. During that time, cells were being opened and
closed sequentially such that the area of operation, partial
closure, and final closure were, as a gross approximation,
relatively constant. In mid 2006, the operational area was
decreasing until the facility was completely closed in October
2006. Not surprisingly, following mid 2006, the slope of the
cumulative flow graph flattens considerably.
Based on the plotted data, the average LCS flow rate for the
facility for January 2000 until about mid 2006 was
approximately 36,000 gallons per day (gal/day). If the
simplifying assumption is made that at any point in time onethird of the 56-acre OSDF lined footprint was active and
producing leachate, an average active cell leachate generation
rate of about 1,900 gpad is calculated. This calculated
leachate generation rate can be compared to the original
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design estimates made in 1995 using the U.S. EPA landfill
water balance model “Hydrologic Evaluation of Landfill
Performance (HELP)”. The estimated average annual leachate
generation rates obtained using the HELP model were 1,150
gpad for a cell in the initial stage of operation (10 ft. thickness
of waste) and 700 gpad for a cell at an intermediate stage of
operation (30 ft. thickness of waste plus seasonal cover). As
can be seen, the leachate generation rates calculated using
actual LCS flow data are higher than the original design
estimates. Two project-specific factors that likely account for
the differences between the design estimates and actual
leachate generation rates are: (i) the presence of the impacted
stormwater catchment areas in each cell (previously
described); and (ii) the large volume of dust suppression water
applied to active cells. Neither condition was modeled in the
original design.
Available data on OSDF leachate chemical quality indicates
average total uranium concentrations on the order of 100 µg/L,
which is three orders of magnitude lower than the
concentration of uranium in the OSDF test leachate used for
the liner system compatibility test program (Table 5).
Similarly, technetium-99 concentrations in OSDF leachate
(typical concentration on the order of 10 pCi/L) are three
orders of magnitude lower than the concentration of this
parameter in the OSDF test leachate.
90,000,000
Oct 2006 Cells 7 and 8 capped
Jan 2006 Cell 6 capped
80,000,000
Aug 2005 Cell 5 capped
70,000,000

LCS

Apr 2005 Cell 4 capped

LDS

Cumulative Volume (gal)

Sept 2004 Cell 3 capped
60,000,000

to calculate the apparent leachate collection efficiency, ALCE
(%), of the OSDF LCS/composite primary liner:
ALCE(%) = (1 – LDS Flow Volume/LCS Flow Volume)
× 100
(Equation 1)
The calculated ALCE for the OSDF for the period from
January 2000 to March 2007 is 99.7 percent, which is
consistent with efficiencies for composite liners reported by
Bonaparte et al. (2002), and is indicative of a high level of
liquid containment and collection by the LCS and composite
primary liner. It is noted that the efficiency is referred to as an
apparent efficiency because there are several potential sources
for the liquid drained from the LDS pipe other than leakage
through the composite primary liner (Gross et al., 1990). The
other potential sources of LDS flow for the liner system
configuration and siting conditions applicable to the OSDF
include drainage of water (mostly rainwater) that infiltrates the
LDS during construction and drains after the start of facility
operation (construction water), water expelled from the LDS
as a result of LDS compression under the weight of impacted
material (compression water), and shallow groundwater that is
perched within the brown till at the site. Inclusion of any
contributions from these other sources of flow as “apparent
primary liner leakage” in the ALCE calculation in Equation 1
results in a conservative (i.e., low) calculated leachate
collection efficiency. Detailed LCS and LDS chemical
constituent data would enable an estimate to be made of the
percentage of LDS flow, if any, attributable to primary liner
leakage and other potential sources. Only limited data (e.g.,
uranium concentrations) are presently available, as discussed
below, so this estimate cannot yet be made.
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Nov 2003 Cell 2 capped
50,000,000
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Fig. 25. Cumulative volume of liquid removed from Cells 1
through 8 LCS and LDS, January 2000 to March 2007.
In Figure 25, it can be seen that the cumulative plot of LDS
liquid flow volume is flat and very small compared to the LCS
cumulative liquid flow volume. Comparison of the two
cumulative plots shows that most, if not all, of the leachate
generated by the OSDF is contained with the composite
primary liner and drained from the facility through the LCS
removal pipes (denoted “C” in Fig. 8). One way to further
evaluate the cumulative liquid flow data plotted in Figure 25 is
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Figure 26 shows the Cell 4 LDS flow volume by month for
December 2002 to March 2007 and the cumulative Cell 4 LDS
flow volume is shown in Figure 27. Using the cumulative
liquid flow data plotted in Figure 27, the calculated average
LDS flow rate for Cell 4 is 3.4 gpad. This value can be
compared to the LDS flow rates reported by Bonaparte et al.
(1996) for operating landfills with geomembrane/GCL
composite primary liners and sand LDSs (i.e., the OSDF
primary liner/LDS configuration).
The Cell 4 rate is
approximately equal to the mean measured rate from
Bonaparte et al. for the initial period of cell operation where
construction water flow would be largest. The rate is,
however, about 50 times higher than the mean rate from
Bonaparte et al. for the active period of operations. Thus, the
Cell 4 LDS is producing much more flow during the cell
active life than had been anticipated. LDS flow rates higher
than expected have also been observed at Cells 5 through 8.
The limited data currently available indicate that total uranium
concentrations in the Cells 4 through 8 LDS are consistently 5
to 10 times lower than in the LCS leachate flows. Thus, the
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LDS flows are not pure leachate. It is possible that the
observed LDS flows are from some combination of sources,
with primary liner leakage being one. However, the relative
consistency in the observed flows and total uranium
concentrations between cells, coupled with the very high level
of QC/QA procedures used (including the ELLS, which makes
the likelihood of systematic elevated composite primary liner
leakage small), suggests a systematic source for the LDS
flows other than primary liner leakage. Further evaluation of
the potential source(s) of LDS flow is planned. Regardless of
the source, the available data, including the calculated
composite primary liner ALCE of 99.7%, is indicative of
acceptable, and environmentally protective, performance.

cap maintenance and repairs. These include repair of
localized topsoil gullying on cover slopes that occurred prior
to the establishment of adequate vegetation and the repair of
small mammal (e.g., moles) burrows in the topsoil. As of May
2007, Cells 1 to 6 have a full stand of grassy vegetation, while
the vegetative cover was still being established on Cells 7 and
8. Woody vegetation, shrubs, and thistle have sprouted on the
cover. Current maintenance procedures require removal of
these species by the roots, backfilling the root holes, and reseeding. Similar procedures are used for burrow holes. Cover
system inspection frequency is presently quarterly. This
frequency is subject to occasional revision based on ongoing
inspection results.
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Fig. 27. Cumulative flow from Cell 4 LDS.
The final cover system for the OSDF receives regular
inspections. As of May 2007, the Cell 1 cap has been
inspected 15 times, while the Cells 7 and 8 caps have been
inspected two times. Review of inspection records and
photographs indicate the need for relatively modest levels of
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Appendix A. Design strategy to achieve OSDF performance criteria.
Potential Pathways for OSDF Performance Degradation

DESIGN FEATURE TO PREVENT PERFORMANCE
DEGRADATION

Internal
Hydrologic Control
• Double composite liner
system to achieve
leachate collection
efficiency (LCE) > 99.9%
and to provide LCE
system performance
monitoring
• Thick HDPE
geomembrane liner (80
mil) used to maximize
service life
• Thick compacted clay
liner (3 ft.) remains
functional through final
period
• Leachate collection and
leak detection systems
drain by gravity and are
maintainable
• Geochemical attenuation
provided by 3 ft. of
compacted clay liner, two
geosynthetic clay liners,
and at least 12 ft. of insitu native gray till
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External Hydrologic Control
• Facility designed to prevent
uplift under extreme
perched water conditions
• Site designed to prevent
stormwater runon to the
OSDF under 2,000-year ,
24-hour storm event
• Facility sited or constructed
out of 2,000-year floodplain
• Multi-component soil and
geosynthetic cover used to
minimize infiltration into
the OSDF
• Thick HDPE geomembrane
cap (60 mil) used to
maximize service life
• Thick compacted clay cap
(2 ft.) remains functional
through final period
• Primarily above-ground
facility allows visual
monitoring and maintenance

Geotechnical
Stability
• Located on stable
glacial till
foundation
• Slopes designed for
stability (6:1)
• No permanent
seismic deformation
under 2,400 year
design seismic event
• Impacted material
placed and
compacted in stable
configuration
• Construction
materials selected to
enhance stability
(e.g., textured
geomembrane)

Resistance to Erosion
• Facility geometry mimics
local stable geomorphic
landforms
• Cover system has smooth
transitions between top
slopes and side slopes;
corners are rounded
• Cover system designed to
be gentle to limit runoff
velocity (6:1)
• Cover system designed to
resist gully initiation
under design storm
conditions
• Predicted sheet erosion
over 1,000 years is less
than topsoil thickness
• Biointrusion barrier
beneath final cover
system blocks potential
depth of erosion or
gullying

Resistance to
Biointrusion
• Biointrusion
barrier designed to
impede plant root
and animal
intrusion
• Primarily aboveground facility
allows visual
monitoring and
maintenance
• Access to site
limited and
institutional
controls
implemented
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Appendix B. OSDF design calculations.

1. INTRODUCTION
1.1
Design Parameter Summary
1.2
Computer Program
Validation
1.3
Select Technical References
1.4
Geotechnical Data
2. OSDF LAYOUT
2.1
Required Volume
2.2
Capacity Verification
2.3
Earthwork Required Volume
3. GEOTECHNICAL – STATIC
SLOPE STABILITY
3.1
OSDF Foundation
3.2
Liner System
3.3
Impacted Material
Configurations
3.3.1 Interim
3.3.2 Final
3.4
Intercell Berm
3.5
Final Cover System
3.6
Access Corridor
3.7
Borrow Area Cut Slopes
4. GEOTECHNICAL – SEISMIC
SLOPE STABILITY
4.1
Hazard Assessment
4.2
Site Response Analysis
4.3
Performance Analysis
4.3.1 Pseudo-Static
Stability
4.3.2 Deformation
Analysis
5. GEOTECHNICAL –
SETTLEMENT
5.1
Foundation Settlement
5.2
Localized Impacted Material
Settlement
5.3
Overall Impacted Material
Settlement
6. LINER SYSTEM
6.1
Hydrostatic Uplift
6.2
Liner Geosynthetics
Selection
6.2.1 Geosynthetic Clay
Liner
6.2.2 Geomembrane Liner
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6.2.3
6.2.4

6.3

Geotextile Cushion
Geosynthetic
Selection to
Preclude Tension
Liner Frost Protection

7. LEACHATE MANAGEMENTLEACHATE GENERATION
7.1
Calculated Rates
7.1.1 During Filling
7.1.2 After Closure
7.2
Required Cell Storage
8. LEACHATE MANAGEMENT LEACHATE COLLECTION
SYSTEM
8.1
Maximum Head in LCS
8.1.1 Maximum Head in
LCS Drainage
Layer
8.1.2 Maximum Head in
LCS Drainage
Corridor
8.2
Geotextile Filter Design
8.2.1 Geotextile Filtration
8.2.2 Geotextile
Biological Clogging
Potential
8.3
LCS Pipe Design
8.3.1 LCS Pipe Flow
Capacity
8.3.2 LCS Pipe
Perforation Sizing
8.3.3 LCS Pipe Structural
Stability
9. LEACHATE MANAGEMENT –
LEAK DETECTION SYSTEM
9.1
Migration through Primary
Liner
9.2
Maximum Head in LDS
9.2.1 Maximum Head in
LDS Drainage
Layer
9.2.2 Maximum Head in
LDS Drainage
Corridor
9.3
Time of Travel in LDS
9.4
LDS Pipe Design

9.4.1

9.5

LDS Pipe Flow
Capacity
9.4.2 LDS Pipe
Perforation Sizing
9.4.3 LDS Pipe Structural
Stability
Action Leakage Rate

10. LEACHATE MANAGEMENT LEACHATE TRANSMISSION
SYSTEM
10.1 Permanent LTS Gravity Line
Design
10.1.1 LTS Gravity Line
Flow Capacity
10.1.2 LTS Gravity Line
Structural Stability
10.1.3 LTS Gravity Line
Frost Protection
10.2 Temporary Gravity Line
Design
10.2.1 Temporary Gravity
Line Flow Capacity
10.3 LCS and LDS Manhole
Design
10.3.1 LCS and LDS
Manhole Uplift
10.3.2 LCS and LDS
Manhole Structural
Design
10.4 Permanent Lift Station
10.4.1 Permanent Lift
Station Storage
Volume
10.4.2 Permanent Lift
Station Manhole
Uplift
10.4.3 Permanent Lift
Station Structural
Design
10.5 Permanent LTS Pipe
Hydrograph
11. FINAL COVER SYSTEM
11.1 Temporary Erosion Mat
Design
11.2 Vegetation Design
11.3 Cover System Erosion
Resistance

11.4
11.5
11.6
11.7

11.8

Cover Frost Penetration
Depth
Granular Filter Layer Design
Biointrusion Barrier Design
Drainage Layer Design
11.7.1 Cover System
Water Balance
11.7.2 Cover Drainage
Layer Maximum
Head
Cover Geosynthetics
Selection
11.8.1 Geotextile Cushion
11.8.2 Geomembrane Cap
11.8.3 Geosynthetic Clay
Cap

12. SURFACE WATER
MANAGEMENT DURING OSDF
CONSTUCTION/
FILLING/CLOSURE
12.1 Stormwater Runon/Runoff
and Drainage Control
Structures
12.2 OSDF Sediment Basins
13. SURFACE WATER
MANAGEMENT AFTER OSDF
CLOSURE
13.1 Stormwater Runon/Runoff
and Drainage Control
Structures
13.1.1 Northern Area
13.1.2 Eastern Area
13.1.3 Southern Are
13.1.4 Western Area
13.2 Drainage Control Structure
Erosion Resistance

14.8
14.9

Construction Haul Road
Leachate Transmission
System Access Corridor

15. BORROW AREA
15.1 Borrow Area Required
Volume
15.2 Borrow Area Capacity
Verification
15.3 Borrow Area Water Demand
15.4 Stormwater Runoff Routing
15.5 Borrow Area Sediment
Basin
16. IMPACTED MATERIALS
MANAGEMENT
16.1 Haul Road Design
16.2 Impacted Runoff from Haul
Road
16.3 OSDF Methane Generation
16.4 OSDF Radon 222 Release
17. HORIZONTAL MONITORING
WELL
17.1 Differential Settlement and
Tensile Strain
17.2 Structural Stability

14. SUPPORT FACILITIES
14.1 Electrical Power Demand
14.2 Potable Water Demand
14.3 Sanitary Wastewater
Discharge
14.4 Construction Water Demand
14.5 Decontamination Facility
Water Demand
14.6 Decontamination Facility
14.7 Construction Admin. Area
Surfacing
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